Over the past decade, the excellent performance of GaNbased high electron mobility transistors (HEMTs) in highpower and high-frequency electronic devices has been demonstrated. [1] [2] [3] However, the device reliability is still an issue. 4 The electrical property of GaN buffer layer (GaN BL) in the HEMT structure is one of the critical parameters that will influence the final device reliability. [4] [5] [6] Firstly, the GaN BL has to be semi-insulating (SI) to prevent unwanted current paths underneath the two-dimensional electron gas (2DEG) channel and also to obtain high breakdown voltage with low leakage current. One effective way to achieve this is to introduce acceptor-like impurities, like iron 7 or carbon, [8] [9] [10] during growth of the GaN BL; however, iron doping has a memory effect rendering doping profile difficult to control. Secondly, in order to alleviate the trapping effect that causes failure of device characteristics, known as current collapse, the level of acceptor-like impurities in the vicinity of 2DEG channel should be minimized. 5, 6, 11 Apparently, these two requirements for the GaN BL are in conflict with each other. Therefore, the level of acceptor-like impurities in the GaN BL needs to be carefully defined and optimized.
In the III-nitride metalorganic chemical vapor deposition (MOCVD) growth process, carbon impurity commonly exists in the materials due to the use of metal-organic precursors. Another contribution of carbon may come from the TaC coating of the susceptor and the graphite-made insulation used around the susceptor. 12 During growth, these two components could release carbon that will add to the total carbon vapor pressure in the reactor. Hence, the residual carbon concentration in the material is determined by the reactor design and the process parameters that are used during growth. Early studies show that the growth temperature and the V/III ratio influence the carbon incorporation, but only to a limited extent. 13, 14 Growth pressure appears to be a more effective way to swing the incorporation of carbon. 9, 10 However, one can expect that, as the growth pressure is varied, many other growth parameters are correspondingly changed at the same time, like wafer temperature, deposition profile, and effective V/III ratio. This renders it difficult in establishing a good process for growth of high-uniformity epi-layers on large wafer area.
On the other hand, since carbon incorporation inevitably takes place in the growth process, it is important to know how low the carbon concentration in the GaN BL needs to be to sufficiently reduce its trapping effect in the HEMTs device. However, this information is still lacking in the literature.
In this work, we demonstrate the development of high tuneability of residual carbon doping in a hot-wall MOCVD reactor. This capability provides the opportunity (i) to systematically study the effect of growth temperature on the structure quality of AlGaN/GaN HEMTs growth and the subsequent impact of the temperature-tuned carbon levels on the 2DEG properties, (ii) to optimize the carbon profile in the GaN buffer layer, and to apply the optimized carbon doping structure in GaN HEMT structure grown on 3" SI SIC wafers.
Detail of the hot-wall MOCVD growth system has been presented elsewhere. 12, 15 The growth was initiated with an AlN nucleation layer (100 nm thick) grown at 1100 C after SiC substrate surface pretreatment in H 2 ambient at 1200 C for 15 min, followed by GaN growth or AlGaN/GaN HEMT structure growth. Two samples of GaN layers on AlN/SiC system were grown under a constant NH 3 flow (2 l/min), denoted S1 and S2, to study the residual impurity incorporation in GaN as a function of its growth conditions. Sample S1 contains six layers of GaN, each 300 nm thick, grown at different growth temperatures, ranging from 980 to 1080 C in step of 20 with a constant TMGa flow of 40 ml/min. The GaN growth rate, GR, increases slightly with growth temperature, within the investigated temperature window, from $0.7 lm/h to $0.8 lm/h. Sample S2 contains five layers of GaN grown at 1080 C, each 410 nm thick, grown with different V/III ratios by increasing the TMGa flow from 20 ml/min to 100 ml/min, resulting in the changes of the V/III ratio from 1325 to 265 and the GaN GR from $0.4 lm/h to $2 lm/h, see Fig. 1(a) (0001) SI 4H-SiC substrates to investigate the effect of carbon on 2DEG properties. Both the GaN and the Al 0.28 Ga 0.72 N layers were grown at the same temperature. Five complete HEMT structures, denoted T1-T5, were grown in a temperature range of 1000 C-1090 C with a constant NH 3 (2 l/min) and TMGa flow (40 ml/min) corresponding to V/III ratio 1060 for the GaN BL growth (GR of 0.7-0.8 lm/h). In addition, two more HEMT samples T6 and W1 were prepared with the step-profiled carbon-doped GaN buffer layers on a 2 Â 2 cm 2 piece and a 3" wafer of SI SiC substrates, respectively. The detail of which will be described later. Secondary ion mass spectrometry (SIMS) was performed on the sample S1, S2, and T2. Silicon, oxygen, and carbon were monitored throughout the entire GaN epilayers. , respectively, in this specific measurement. The sample S1 was specifically designed for investigating the carbon incorporation in GaN as a function of growth temperature. Explicitly, carbon incorporation is highly growth-temperature controllable in our hot-wall MOVCD system, as shown in Fig. 1(b) . The carbon profile follows exactly the temperature changes. This can be evidenced by the bumps of carbon concentration appearing in the SIMS profile as a result of the temperature dips when the temperature was being stabilized. The concentration of carbon in GaN is remarkably decreased with increasing growth temperature, from to $2.0 Â 10 18 cm À3 at 980 C to 1.8 Â 10 16 cm À3 at 1080 C. This can be explained by the model that Parish et al. proposed 13 that carbon removal from the surface is facilitated by conversion of methyl groups from TMGa into methane with adsorbed hydrogen. At high temperature, more adsorbed hydrogen is available from the NH 3 and H 2 pyrolysis. With increasing temperature, the availability of H atoms pyrolysed from the NH 3 and process gas H 2 will eventually saturate. This may determine how low carbon incorporation can be obtained in the process. Thanks to the high precursor cracking efficiency in hot-wall MOCVD, 15 this renders remarkably large carbon tuneability in GaN growth by more than 2 orders over a temperature range of 100 C. Besides, in the sample S1, the silicon concentration in GaN is below the SIMS detection Fig. 1(b) , the growth temperature, as monitored by a pyrometer, is also shown. The carbon concentration versus growth temperature is plotted in Fig. 1(c) . (d) Impurity concentrations as a function of depth in GaN layers controlled by TMGa flow, and an inset plotting carbon concentration versus TMGa flow. The surface is located at 0 nm.
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To add more information to the carbon tuneability in GaN growth, the sample S2 was grown to investigate the effect of TMGa flow rate. As shown in Fig. 1(d) , the carbon concentration in the GaN layers increases proportionally with TMGa flow rate, due to increased methyl groups from the precursor, which is consistent with our previous study. 16 This can prove that the availability of adsorbed H is the limiting factor in the process of carbon removal from incorporation. The sensitivity of carbon incorporation versus TMGa flow is also very pronounced. A change of TMGa flow from 20 to 100 ml/min results in an increase of carbon incorporation by almost 8 times. The concentrations of silicon and oxygen are under the detection limit at the given growth temperature, which is consistent with the previous SIMS result.
Additionally, such wide-range carbon tuneability allows us to systematically study the carbon effect on 2DEG properties in HEMT structure and to optimize the carbon profile in the GaN buffer layer. Table I summarizes the results of the structural characterizations of the HEMTs samples grown in the series of T1-T5.
The surface morphology and root-mean-square roughness (Rq) of the AlGaN/GaN HEMT structures were analyzed by atomic force microscopy (AFM) over a 3 Â 3 lm 2 area. The AFM images of the AlGaN/GaN heterostructures shown in the Fig. 2 all exhibit step-flow growth and the terrace size gradually increases with increased growth temperature resulting in smoother surface. This is understandable since the diffusion length of adatom surface migration is enhanced at higher growth temperature. Nevertheless, some morphological defects appear when the growth was carried out at 1090 C, indicating that the high-temperature limit of a stable growth regime for AlGaN/GaN heterostructures is reached.
High-resolution x-ray diffraction (XRD) measurements, including h-2h scans, rocking curve analysis, and reciprocal space maps, were carried out to characterize the crystalline quality of all epi-layers and to determine the composition and the thickness of the AlGaN layers. In the analysis of x-ray rocking curves of the GaN layers, the values of the full width of half maximum (FWHM) of the (002) and (105) peaks reveal that the growth temperature for GaN layers grown in this temperature regime does not have any remarkable impact on its crystalline quality. The (002) and (105) GaN peaks improve gradually up to 1080 C, which indicates that the dislocation density is decreased with increased growth temperature. However, at the growth temperature of 1090 C, the (105) GaN peak starts to broaden again. This shows a good agreement with the observation of rapid deterioration of the surface morphology as seen from AFM. The composition and thickness of AlGaN barrier layers grown in this range are shown stably constant around 28% and 24 nm, respectively. And the reciprocal space maps of the samples T1-T5 indicate that all AlGaN barrier layers were pseudo-morphically grown on GaN buffer layers. Therefore, we can conclude that a wide growth window, extending over a temperature range of 80 , is permitted in our process for the growth of high structuralquality AlGaN/GaN HEMT structure.
The impact of growth temperature on the 2DEG properties is substantial. The 2DEG carrier density extracted from the mercury-probe capacitance-voltage (CV) measurement shows strong growth-temperature dependence, varying almost threefold from 3.3 Â 10 12 cm À2 to 8.8 Â 10 12 cm À2 for the growth temperature at 1000 C to 1090 C, respectively, as shown in Fig. 3 . Contactless Lehighton (LEI 1610) mobility measurement system with a probing area $3.5 cm 2 was performed to measure the 2DEG mobility. We found that the 2DEG mobility increases significantly from 218 cm 2 /VÁs to 1535 cm 2 /VÁs when the growth temperature increases from 1000 C to 1080 C, and then drops at the growth temperature of 1090 C, which can be correlated with the deterioration of morphology and crystalline quality. Thus, with increased growth temperature in the permitted growth window, the 2DEG carrier density and the 2DEG mobility both increase and reach a maximum of $8.2 Â 10 12 cm À2 and 1535 cm 2 /VÁs, respectively, at 1080 C. As evidenced in Fig. 1(b) , the growth temperature is hugely responsible for the amount of carbon incorporation, so that such large change in the 2DEG density 193506 (2013) as a function of growth temperature apparently is associated with carbon concentrations in GaN BL. This observation is consistent with the previous study done by Klein et al . that the reduction of 2DEG carrier density is attributed to the trapping effect caused by carbon-related defect. 11, 17 One should also note that the silicon and oxygen concentrations in the investigated samples are below the carbon concentrations, except in the sample T5 where the carbon concentration is likely lowered down to a level close to those of silicon and oxygen as the growth temperature is elevated above 1080 C ( Fig. 1(b) ). In this case, non-compensated silicon and oxygen impurities may add some extra carriers. This might be the reason that the 2DEG carrier density of the sample T5 does not closely follow the trend of 2DEG carrier density as a function of growth temperature observed in this series. The 2DEG carrier densities of the samples T4 and T5 are very close to the values calculated theoretically, 18 indicating that the trapping effect is significantly reduced as carbon concentration is below $5 Â 10 16 cm À3 in the GaN BL. On the other hand, concerning the trend of the 2DEG mobility as a function of growth temperature shown in Fig. 3 , we found that 2DEG mobility dramatically increases from 218 to 1217 cm 2 /VÁs for the growth done at 1000 C and 1020 C, respectively. The significant increase of mobility cannot simply be explained by the improved structure quality alone, since both samples have similar surface roughness and the dislocation densities in these two samples are of the same order. We believe that it is associated with the reduction of carbon concentration, which in turn mitigates trapping effect and ionized impurity scattering. 19, 20 The increase in the growth temperature between these two samples T1 and T2 corresponds to the reduction of carbon from 5.8 Â 10 17 cm À3 to 2.2 Â 10 17 cm À3 according to the carbon concentrations plotted in Fig. 1(c) . To be careful with the carbon value in the GaN BL of the sample T2, a SIMS analysis was performed on it. A carbon concentration of $3 Â 10 17 cm À3 was measured, showing that this temperaturetuned carbon doping has high reproducibility. Most importantly, this result reveals that the carbon concentration needs to be reduced below $1 Â 10 17 cm À3 in the vicinity of the 2DEG channel in order to achieve high 2DEG mobility. As the growth temperature is further raised, the 2DEG mobility continues to increase and then saturates at 1535 cm 2 /VÁs. Thus, we correlate the improvement of the 2DEG mobility with further reduced carbon concentration and improved structural quality.
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With the aim to combine the features of high resistivity and low trapping effect in a GaN BL, a step-like carbon profile in the GaN buffer layer is needed. Therefore, the sample T6 was designed with a 1.6 lm-thick high-carbon GaN buffer layer, grown at 1000 C with a TMGa flow of 65 ml/min (GR of 1.05 lm/h), followed by a 100 nm-thin low-carbon spacer layer, grown at 1080 C with a TMGa flow of 25 ml/min (GR of 0.5 lm/h), adjacent to the AlGaN barrier. The growth temperature was controlled to ramp from 1000 to 1080 C for the growth of these two respective GaN layers and continued by AlGaN barrier layer growth. The NH 3 flow (2 l/min) was kept constant for the entire growth. This Al 0.28 Ga 0.72 N (24 nm)/ GaN HEMTs sample with the temperature-tuned carbon profile in the GaN layer leads to 2DEG carrier density of 8.24 Â 10 12 cm
À2
, which is consistent with the result of the sample T4, and a high 2DEG mobility of 1650 cm 2 /VÁs. We attribute the high 2DEG mobility to (i) alleviated trapping effect resulting from low carbon-related defects and (ii) better 2DEG confinement formed by a step-profiled carbon in GaN buffer layer. 21 Furthermore, the crystalline quality and surface roughness of this sample are similar with those of the sample T1, since both samples' GaN BLs were grown at 1000 C, proving that the 2DEG mobility of the sample T1 is not limited by dislocation scattering and interface roughness scattering, but the carbon-related trapping effect and impurity scattering.
The optimized carbon profile obtained in the GaN BL of the sample T6 was applied to the epitaxial growth of GaN HEMT structure on a 3"-SI SiC wafer to test growth uniformity (the sample W1). The map of sheet resistance (Rs), 22 determined by a contactless eddy-current technique, with 17 spots measured from the center radically to the edge throughout the 3" epi-wafer of Al 0.25 Ga 0.75 N (19 nm)/AlN (1 nm)/ GaN HEMTs structure shows low Rs of 279 X/sq with excellent uniformity of sigma/mean ¼ 0.69% and very high average carrier density and mobility, 1.1 Â 10 13 cm À2 and 2035 cm 2 /VÁs, respectively, demonstrating that such a wide range temperature-tuned growth process is suitably realized in the hot-wall MOCVD reactor with the inherent advantage of lateral and vertical temperature homogeneity.
In conclusion, by means of controlling growth temperature and V/III ratio, we demonstrate that high carbon tuneability can be realized in the hot-wall MOCVD. The impact of carbon impurity on 2DEG properties was found substantial. Reducing carbon concentration in the vicinity of the 2DEG channel can significantly enhance 2DEG properties. Finally, the AlGaN/AlN/GaN HEMT structure with the temperature-tuned step-like carbon profile in GaN buffer shows outstanding uniformity of Rs distribution over the 3" epi-wafer on SI-SiC substrate. These results are very promising for development of trap-free 2DEG GaN spacer layer and highly resistive GaN buffer layer in HEMT structure.
